We present a pilot study of individuals (liquidators) who were engaged in clean-up operations after the disaster at the nuclear power plant at Chernobyl in Ukraine. In the 10 years since the disaster, adverse health effects among exposed individuals have not been clearly defined. There is widespread fear of damage to the reproductive system, with implications for fertility problems and adverse effects on offspring. Bearing this in mind, methods to evaluate the potential for production of fertile semen have been applied using quantitative ultramorphological (QUM) analysis. QUM analysis examines the organization and integrity of sperm organelles by electron microscopy, using both transmission electron microscopy and scanning electron microscopy. Significant differences were observed between clean-up workers and controls of similar age regarding certain ultramorphological parameters of the sperm head. The results of this pilot study suggest that QUM analysis of human sperm is a feasible approach for evaluating the fertility potential of individuals who were exposed to ionizing radiation from the Chernobyl nuclear power plant accident.
Introduction
Ten years have elapsed since the disaster at the nuclear power plant at Chernobyl in Ukraine. Detailed descriptions of the event and some of its health implications have been reported (1) (2) (3) . A unique demographic aspect of this event is the recent immigration to Israel of a great number of individuals who were employed as clean-up workers (liquidators) or who lived in the vicinity of the damaged power plant.
Although adverse health effects among such immigrants have not been well defined, there is apprehension about underreported or undetected damage. There is concern about possible damage to the reproductive system, with implications for fertility and adverse effects on offspring. Irradiation may have profound effects on the human reproductive system (4, 5) . Principal outcome variables previously studied in male populations exposed to ionizing radiation include abnormalities in spermatogenesis (6) and reproductive risk of neoplastic disease in offspring (7) .
Examination of patients who have participated in controlled experiments or have received radiotherapy has provided some information about dose-response relationships between radiation exposure and suppression of spermatogenesis, and recovery potential (8, 9) . However, data obtained in connection with radiation accidents, including the nuclear reactor disaster in Chernobyl, have been difficult to interpret because of imprecise exposure assessment (10) . Recent observations from evaluation by standard laboratory examination methods, however, suggest a high prevalence of adverse effects on spermatogenesis and sperm morphology among liquidators (11) .
The types of molecular damage induced by ionizing radiation in general have been amply described in the literature (12, 13) . It has been demonstrated that the major injury to DNA is strand breakage. With increased dosages, multiple types of DNA damage occur (14) . Particular emphasis has also been given to mitotic death of reproductive gametes (15) .
In mammals, spermatogenesis is the only biological process in which meiosis (chromatin reduction division) occurs in the adult state. This process, especially at the pachytene stage, is very sensitive to xenobiotic influences including ionizing radiation.
Although the lowest dose of irradiation causing cellular (somatic) or genetic damage has not been clearly defined, it has been suggested that even low dosages of ionizing radiation may be etiologically connected with various types of malignant diseases and birth defects (16, 17) .
Differences in sensitivity to radiation among species may be great e.g., the effective doses required to produce a given effect in mice are 3 to 7 times higher than in man (18, 19) . Not only is the output of human sperm (number of spermatozoa per gram tissue) 4 times lower than in other mammals, but there are relatively more abnormal cells in the ejaculate of a normal male (20, 21) . Environmentally related toxic effects on spermatozoa appear much more pronounced in man (22) . It has been suggested that, to some extent, the fertility potential of human sperm may indicate effects of (24) (25) (26) (27) .
QUM analysis examines the organization and integrity of subcellular sperm organelles using both transmission electron microscopy (TEM) and scanning electron microscopy (SEM). With TEM and appropriate staining techniques, it is possible to view both cross-sections of the cell and two-dimensional images of ultrafine anatomical details. Forty-two specific sperm malformations are revealed by this technique (24, 25, 28 (29) .
To our knowledge, this is the first study on the effects of Chernobyl-related ionizing radiation on the ultramorphology of human sperm.
Materials and Methods

Populations
The study population consisted of 18 liquidators. Seven (25) .
We performed TEM on sperm cells that were fixed according to the method described by Glavert (31) (12) (13) (14) .
We propose to use the QUM analytic method to identify ultramorphological malformations of subcellular target organelles of spermatozoa affected by exposure to ionizing radiation. This method may also be useful in defining a dose-response relationship between radiation dose and biological markers of effects.
Such information is important for determining safe exposure levels, for evaluating potential reversibility of radiation-induced damage, and for developing appropriate therapeutic methods.
We believe that this information will increase our understanding of radiationinduced damage and its various stages. QUM analysis may be an effective tool for identifying biological response variables for application in studies of genetic and molecular epidemiology directed toward assessing health risks of radiation exposure.
Consistent evidence for adverse reproductive outcome after Chernobylrelated radiation exposure has not been previously reported from studies performed in Ukraine, Belarus, and Western European countries. However, data are not yet available on reproductive outcomes of liquidators, or of women who were pregnant at the time of the accident (33) . Valuable information on the effects of radiation may be achieved by long-term follow-up, particularly of workers and populations living near Chernobyl. This, in fact, is the most promising way of obtaining the quantitative information that is essential for assessing health risks associated with the nuclear reactor accident in Chernobyl (33) (34) (35) .,. ..:
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